The research on heart cells have attracted broad attention for the development of either heart disease therapy or muscle cell-based actuation for bio-syncretic robots. In order to study the mechanism and dynamics of beating activity of cardiomyocytes, many research methods have been proposed, such as the measurement of contractility and action potential of the cells. However, few of them has focused on the effect from the mechanical properties of sub-cell elements on the contraction performance of heart cells. In this work, a mechanical model of single heart cell was proposed based on the sub-cell structures, to study and control the contraction of the cardiomyocytes. The parameters of the parts in the theoretical model were identified with the cellular beating data obtained using Scanning Ion Conductance Microscopy (SICM) based on the derived mathematic model. Therefore, the contraction performance and the mechanical properties of sub-cell elements associated with the mechanical properties of parts in the model can be obtained for the further analysis of the relationship between the cell activity and sub-cell structures. This work is fundamental and meaningful for the research on cytobiology, heart mechanism and bio-syncretic robotics.
I. INTRODUCTION
The heart, as the most important organ in human blood circulation system, provides the source power to pump blood for the whole body. However, the damaged dynamic balance by the diseased heart in the system has leaded to about 60% of human deaths [1] . Some heart diseases, even in the early stages, can damage the normal motion in contraction and relaxation of a heart cell [2] , which may result from the properties between healthy and diseased cells. Analyzing the change in contractile force and mechanical property of living cells will be much significance in understanding the precise mechanism of heart disease as well as molecular alterations involved in diseased heart cells [3] . Therefore, the research on contractility and physical properties of living heart cells has raised lots of concern for the development of biomedicine and bio-syncretic robot actuated by live cardiomyocytes. In recent decades, scientists have investigated the mechanism of heartbeat generation, the control access of the cardiac contraction, the relationship between the cardiac structure and the function, and so on [4] .
On one hand, the effect on heart cells contraction from physiology in extra and intracellular microenvironment has been researched as the main approach to understand the pathology of cardiomyocytes function. For example, the experiment was implemented for understanding the relationship between the cells contractility and the concentration of the calcium ion in sarcoplasmic cytoplasm [5, 6] , they found that the diseased heart cells express the weaker contractility with low level calcium ion concentration than normal cells; the mathematical model was derived for describing the coupling between excitation and contraction in cells [7, 8] ; the influence from the external biophysics environment such as the organization in vivo and the substrate in vitro was studied for assisting the research on heart contractility [9] [10] [11] , and the result shows that the stiffness of the extracellular physics environment can affect the phenotype and contractile properties of the heart cells as well as the biochemistry and gene factor.
On the other hand, the heart cells contractility as the label-free biomarkers for implying the heart disease, such as heart failure and cardiac arrhythmia, has been regarded as another important process to investigate muscle mechanics directly according to isolated muscle cells [12, 13] . For obtaining the contractility and mechanical properties of single and multiple heart cells, many novel methods have been reported. For example, a simple method is using the micro-meter-scale elastic pillar array as the substrate to culture heart cells on it. The cells will grow and extend to cover several posts, then drive the pillars to bend rhythmically with the cells contraction. According to mechanics of materials, the contractility upon each independent micro pillar can be calculated to describe the local force of the beating cells [14, 15] . For measuring the stress induced by cells contraction, scientists developed the flexibility thin film measuring method [16] [17] [18] . In this method, the living heart cells should be cultured onto the prefabricated elastic micropatterned substrate, which can be deformed rhythmically by the contraction force of the cells. Then, the cellular contraction stress can be calculated by measuring the deformation of the substrate film based o [19] . Through this method, the stress of heart cells was found to vary between 2 and 5 nN/μm 2 .
Although, this research methods, including theoretical analysis, mathematical modeling, experiment measurement and so on, have improved greatly the development of the research in heart cells contraction mechanism and heart disease pathology. There are still some shortcoming limiting to continue in-depth studies, for example, most of the theoretical analysis and mathematic models for describing the relationship between cells state and micro environment focus on the whole cellular movement and mechanical property, few of them has paid close attention to the state and property of sub-cell structures, which may impact the cellular functions fundamentally. And in the process of measuring cells, most of the measuring approaches may have some effects on cell membranes and cellular functions because of the mechanical force contact [3] , few of them has adopted the non-contact measuring method for avoiding the influence on cells contractility.
In this study, the mechanical model of beating activity for a single cardiomyocyte have been proposed based on the cell contraction mechanism at sub-cell scale, for explaining the relationship between cellular characteristics and sub-cell structures such as organelle and macromolecule. The parameters of the theoretical models were identified with the commercial software MATLAB, based on the cellular beating experiment data, which were measured by scanning ion conductance microscopy (SICM) with non-contact mode. Therefore, the contraction performance and the mechanical properties of sub-cell elements associated with the mechanical properties of parts in the model can be obtained for the further analysis of the relationship between the cell activity and sub-cell structures. This work not only lays the foundation for developing the research on heart mechanism and heart disease, but also has the potential application in new drug discovery, drug screening, even in the development of bio-syncretic robot.
II. THEORETICAL MODEL
The mechanical model of cardiomyocyte was modeled based on the cell construction, which includes cytoskeleton and active contractile structure. For modeling the mechanical properties including Young's modulus and viscidity of cardiomyocytes cytoskeleton by an engineering method, in the model of cytoskeleton (Fig. 1) , a mass point (M 1 ) was adopted to provide the inertial force during cells beating; a spring (K 1 ) was adopted to describe the elasticity of the cytoskeleton; and a damper (D 1 ) was added into the model to describe the viscosity of the cellular cytoskeleton.
The contractility of cardiomyocytes depends on the active contractile structure, which contains clusters of myofibrils made up of a series of sarcomeres. The sarcomeres consist of overlapping thick and thin filaments provide the contraction force of cell resulting from the filaments displacement powered by cross-bridges switching consuming ATP [20] . For modeling the mechanical properties of the contractile structure, a spring-damping mechanical system was proposed to model the sarcomeres (myofibril), which is the power element of a cardiomyocyte. In the model of contractile structure (Fig. 2) , an actuation force (F a ) was added as the power element of the contractile structure; a titin spring (K 0 ) in parallel with the F a was used in the model to act as the protein titin for resisting the passive stretch from the substrate; a damping element (D 0 ) was used to provide the resistance of myofibrils [21] ; a mass point (M 0 ) was adopted to describe the equivalent mass of myofibrils; and a spring (K 0 ) was used to describe the elasticity of myofibrils. Where the Fa is the power element of the contractile structure with the value of f0; the K0 describes the elasticity of the titin for resisting the passive stretch from the substrate with the value of k0; the D0 provide the resistance of myofibrils with the value of d0; the M0 describes the equivalent mass of myofibrils with the value of m0; and the K0 describe the elasticity of myofibril with the value of k0 .
Combining the two parts of models of cytoskeleton and power element of cardiomyocytes proposed above, the complete mechanical model of a beating cardiomyocyte was demonstrated as shown in Fig. 3 . In the tetanic contraction state, a repeated excitement produces additional activation before the relaxation of the contractive cell [22] , so, the inertia force of the mass and damping force of viscidity can be ignored in the kinetic equilibrium. Then, the relationship between actuation force F a and the length change of the cell can be described with the following equations.
The active force generated by the power element was written as:
where l 0 is the original length of the myofibril, L 0 is the original length of cell.
The equilibrium equation of power element can be described as:
The equilibrium equation of cell is:
Due to the complexity of the biology, the approximate assumption is established that f 0 dependents linearly on the action potential (A p ) of the cell. According to the model of A p in contractile cells [23, 24] , the f 0 of the myofibril is defined as (4) (Fig. 5) , and the parameters are defined that A is 1.1 and is 1. 
Then, the dynamic relation between the f 0 and the deformation of the cardiomyocyte can be established by combining (1), (2), (3) and (4). 
III. MATERIAL AND METHODS

A. Cell Culture and Reagents
Complete growth medium consists of Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12 (1:1), Gibco), 10% Fetal Bovine Serum (FBS, Gibco), 100 U mL -1 penicillin, and 100 mg mL -1 streptomycin (Gibco). Neonatal hearts were obtained from 1-to 3-day-old Sprague-Dawley rats (purchased from Liaoning ChangSheng Biology Co. Ltd.). Briefly, the hearts were extracted from the rats and immediately placed in icesolution (HBSS, HyClone). Then, the ventricles were minced into 1 mm 3 pieces with sterile small scissors in ice-cold HBSS. The minced ventricles were gently digested in 0.05% Trypsin (Hyclone) for 1 hour at 4 0 C on a shaker. The tissue was transferred to fresh complete growth medium to inhibit the trypsin digestion and warmed in the water bath at 37 0 C for 5 minutes, and rinsed twice in HBSS. The tissue was then digested in warm 0.1% (w/v) type II collagenase (Sigma) in HBSS on a rocker for 45 minutes at 37 0 C. The tissues were triturated to mechanically dissociate the cells and passed thro out undigested connective tissues. Cells were centrifuged at 150g for 5 minutes to remove the supernatant with trypsin and type II collagenase, and were resuspended in fresh warm complete growth medium. Then, the cells were pre-plated twice for 30 minutes each to purify the cardiomyocytes, which needed more time for adhering than the cardiac fibrocytes. The cells were counted and seeded onto arrays micro-pillars chips and target petri dishes at different concentration, then cultured for 48 hours at 37 0 C and 5% CO 2 before changing the medium. After culturing 72 hours, the medium was changed with fresh normal complete growth medium for experiment.
B. SICM data Acquisition and Processing
In the measurement of the bearing data of living cell, the SICM designed and assembled by our lab was adopted [25] . As shown in Fig. 4 , the micro-pipe was located on the beating cardiomyocyte, and was maintained a micro distance h from the cytomembrane by the controller that can move the micro pipe with the cellular beating motion in vertical, which can describe the contraction of the living cell [26] . For the experiment, twenty cells were randomly selected to measure the beating waves, and five waves were obtained on each cell. The experiment data recorded from the beating cells was median filtered by the MATLAB procedure with the modulus of 100. 
IV. RESULT AND DISCUSSION
The beating data of the living cardiomyocytes were measured with SICM (the red points in Fig. 5 ). It is one of the processed beating tracks for characterizing the parameters of cardiomyocytes. Based on the median filtered experimental data of beating cardiomyocytes, the parameters of the proposed mechanical model for the cell and the assumptive stimulation power (the blue line in Fig. 5) were identified with the mathematical model. The partial result of the identified parameters of the cellular model were shown in Table I . Although the mechanical properties of the cells obtained by the proposed model are not the accurate value for each structure of the living cell, they are available for analyzing the different mechanical properties between the beating cells in different statuses for pathological analysis and drug screening. In addition, this work can also be used to control the cellular performance, such as beating frequency and amplitude for the optional control of bio-syncretic robots actuated by living cells targeted drug, such as adrenalin, cytochalasin, colchicine and taxol.
V. CONCLUSION
Most of the studies on the heart cells only pay concern on the whole cellular movement and mechanical properties, few of them has paid close attention to the state and property of sub-cell structures. To remedy this shortcoming, in this work, the mathematical model has been derived based on the corresponding mechanical model of the living beating cells according to the sub-cell structures. Using the proposed approach, not only the mechanical properties of sub-cell structures can be estimated, but also the other properties of cardiomyocytes, such as actuation force duration time, mass and viscidity. The accuracy will be improved in the further work. On one hand, the fixed peak actuation force will be replaced by the artificial electric pulse stimulation. On the other hand, the system science theory will be adopted to study the cell treated as a mechanical system stimulated by external import signals such as vibration, electricity and drug. The proposed mechanical model not only is useful for the development of clinical medicine, the research of cardiovascular disease and relative drug screening for identifying the specificity influence on special cellular structure proteins under different medicines, but also has lain the foundation for the development of bio-syncretic robot, such as controlling the bio-actuation force and frequency by adjusting the mechanical properties and contractility of actuation cells using corresponding drug.
